Spectral emittance is a key topic in the study of new compositions, depositions and mechanical machining of materials for solar absorption and for renewable energies in general. The present work reports on the realization and testing of a new experimental facility for the measurement of directional spectral emittance in the range 2.5-20µm. Our setup provides emittance spectral information in a completely controlled environment at medium-high temperatures up to 1200 K. We describe the layout and first tests on the device, comparing the results obtained for hafnium carbide and tantalum diboride ultra-refractory ceramic samples to previous quasi-monochromatic measurements carried out in the PROMES-CNRS [PROcedes, Materiaux et Energie Solaire-Centre National de la Recherche Scientifique, France] solar furnace, obtaining a good agreement. Finally, to assess the reliability of the widely used approach of estimating the spectral emittance from room temperature reflectance spectrum, we compared the calculation in the 2.5-17 µm spectral range to the experimental high temperature spectral emittance, obtaining that the spectral trend of calculated and measured curves is similar but the calculated emittance underestimates the measured value.
Introduction
The behavior of materials in high temperature environments is a topic of interest for many applications. In the field of solar energy exploitation, in particular in the central tower concentrating solar power technology (CSP-T) [1] , a key issue for the overall plant efficiency is the choice of receiver material, which is required to absorb the concentrated sunlight coming from the mirrored field and to transfer the thermal energy to a thermal fluid (steam, air, molten salt, etc.) with minimal losses [2, 3] . The characterization of optical properties, like solar absorbance and thermal emittance, is particularly important as they are strictly connected to the thermal behavior and thus to the material suitability as solar radiation receiver and, definitely to the overall system efficiency.
The good candidate for a solar absorber should have a high absorbance in the sunlight spectral region and minimal emission losses when it gets heated, i.e. a low emittance at thermal infrared wavelengths [4, 5] . Thus a spectral analysis of the material as a function of the temperature is of great interest to understand its behavior and to identify best operating conditions. The assessment of spectral emittance is also of fundamental importance for other renewable energy applications, like for instance in thermophotovoltaics (TPV), where thermal energy is directly converted into electrical energy by means of a thermally heated radiation emitter and proper photovoltaic cells [6] . As only photons with energy above that of band gap of the cell (Eg) can be converted into electricity and, moreover, only for those with energy slightly above Eg the conversion is efficient, there is a large effort in optimizing the thermal spectrum of the emitter by developing different solutions [6] [7] [8] [9] . For all these applications, the knowledge of spectral emittance at the (high) operating temperature is a key parameter. Unfortunately, spectral measurements at high temperature are not easy to perform. Different not-spectrally resolved methods exist to radiometrically [10] or, more often, by heat loss measurements or calorimetric techniques measure the emittance of different systems (see for instance [11] [12] [13] [14] for various metals, [15] for films and [16] for solar collector tube architectures). If the spectral information for emittance is concerned, a radiometric approach is required and, for an opaque material, two basic ways can be explored: a) a direct measurement of the radiation emitted from the surface, b) an indirect method, namely the measurement of the radiation of a source reflected from the surface and the use of the Kirchhoff's and energy conservation laws [17, 18] . The reflection method (b) is more complex, as it requires an external radiation source with enough intensity, good stability and considerable spectral extent to cover all the thermal spectral region. Moreover, it also requires a complex detection system with techniques able to discriminate reflected radiation from that emitted by the sample or the furnace [18] . The direct measurement of the emitted light (a) is conceptually simpler [19] [20] [21] [22] , providing that some requirements are fulfilled. In particular, also the direct method suffers from spurious signal deriving from the hot furnace. This problem can be avoided keeping all the walls and objects close to the sample at a low steady temperature. Moreover, for a correct measurement, the sample should be kept in vacuum to avoid unwanted thermal exchange with the atmosphere in the furnace. In fact, it must be guaranteed that the only thermal exchange processes undergone by the investigated surface take place via radiative phenomena. In addition, the vacuum chamber also helps to minimize chemical processes like oxidation, which can distort the emittance measurement [23, 24] . Some recent examples of direct measurements carried out using spectrometers interfaced to heating chambers are shown, for instance, in [23] for temperatures up to 1050K, wavelengths in the range 2.5-22 μm and under controlled atmospheres to assess the emittance Paper published on: Applied Optics, Volume 54, October 2015, Pages 8700-8705 http://dx.doi.org/10.1364/AO.54.008700 2 evolution during sample oxidation, in [25] for temperatures below 400° C and wavelengths in the range 4-40 μm and in [20] for (-40°C÷450°C) temperatures and (4÷100 μm) wavelengths. Finally, an hybrid directindirect method has been recently shown [26] , where the sample is heated by infrared radiation emitted by sources with different spectral distributions and both sample emittance and temperature are obtained as a result of a fitting procedure.
The present paper describes the set-up and the method used to perform, at the best of our knowledge, the first direct spectral emittance measurement of opaque Ultra-High Temperature Ceramic (UHTC) samples for temperature from 500 to 1200 K in high vacuum. The data are compared with nearlymonochromatic measurements carried out at 2.7 µm, 5.0 µm and 5.5 µm and in the band 8-14 µm, in a solar furnace research facility (PROMES-CNRS, France). Moreover, the obtained experimental spectral curve at 1080 K temperature in the range 2.5-20.0 µm is compared to the literature approach of estimating the emittance from room-temperature reflectance spectra by means of the Kirchhoff's law [5, [22] [23] [24] [25] [26] [27] [28] [29] [30] , thus assessing the reliability of the approximation.
Experimental

Setup
The experimental method we use is directly connected to the definition of emittance as the ratio between the radiation emitted by the sample surface at a given temperature and that emitted by a blackbody at the same temperature. A calibrated blackbody source is used as a reference. Fixed the following parameters: temperature T, wavelength λ, observation direction (normal to the surface of the sample or of the blackbody exit port respectively) and detection solid angle Ω, the spectral emittance ε + is calculated as the ratio between the radiance of the sample surface i(Ω,T,λ) and the radiance of the reference blackbody i B (Ω,T,λ):
The scheme of the experimental setup is reported in Figure 1 . The experimental setup is composed by three main blocks: a) the spectral measurement system, b) the reference blackbody (C.I. Systems SR-2) and c) the homemade vacuum furnace with electric heating, where the sample can be heated ideally up to 1200 K in a completely controlled environment. A specifically designed and realized optical system interfaces either blocks (a) or (b) to (c). It should be noticed that the maximum temperature which has been actually reached to date is around 1100 K, due to losses at thermal contact between sample and heater.
The disc shaped sample is put in the vacuum chamber on the upper horizontal plate of the cylindrical heating support (HeatWave Labs, Inc.) and locked with three clips. The sample surface temperature is read by three S-type thermocouples. The temperature of the heater is controlled via an internal K-type thermocouple which provides the feedback to the power controller. Vacuum in the furnace is provided by a rotary (OME 25S, Adixen) and a turbo molecular (Turbovac 361, Leybold) pumps, with ultimate pressure limit of few 10 -6 mbar. A closed-cycle water circuit with chiller steadily maintains furnace walls and cover at nearly room temperature.
The main viewport allows to acquire the radiation emitted by the sample in the direction normal to the surface. Additional view ports, not operative at this moment, have been made to observe the sample emission at a 45° and 70° with respect to the surface normal, after that ad-hoc optical systems will be designed and realized in the future. The main viewport is equipped with a ZnSe window (transmittance range 0.5-21 μm) whereas side viewports at the moment are equipped with silica windows (transparent up to 3.5 μm) and will be replaced with ZnSe windows in next future.
A splitting optical system composed by three gold mirrors collects the signal from the center of the sample and directs it into the detection system. The optical system acts as an objective, reproducing the real image of the sample, or the black body, with a full acceptance angle <3° on the front port of a FTIR spectrometer. This highly directional system allows to minimize the spurious detection of sample radiation back-reflected on the sample itself by the chamber walls. Moreover, as the walls are kept at near room temperature, their irradiance is very low, making negligible the detection of unwanted wall radiation reflected by the sample. The mirror mounting can be rotated in a second fixed position to collect the radiation emitted by the black body. Sample and blackbody aperture are located at same distance with respect to the entrance port of the detection system. According to the characteristics of the optical system, the viewport acts as a stop, fixing the solid angle of detection. An identical viewport thus is placed in front of the blackbody source in order to allow observing blackbody and sample within the same solid angle (Figure 1 ).
The detection and spectrally resolving block is composed by a commercial Fourier-transform infrared spectrometer (Excalibur by BioRad) sensitive into the 1.6-25 µm spectral range and suitably modified to allow accepting an external source. The external radiation enters the spectrometer through a KBr window.
The optical system alternately produces the image of the sample surface and the output aperture of the black body in correspondence of the entrance window of the FTIR spectrometer with a magnification of about 1.7. A diaphragm located on the image plane (field aperture) selects the observation area of the image. As both sample and blackbody radiation have the same optical path (identical path length, windows, observation solid angle and thus observed emitting area), the measurement of the transfer function of the overall coupling system is not needed. TaB90   Table I : samples under investigation
The samples under investigation are listed in Table I and were supplied by CNR-ISTEC, Italy. They consisted by a specimen of hafnium carbide (HfC) and three specimens of tantalum diboride (TaB 2 ) with 70%, 80% and 90% density. The disc shaped pellets were set in the vacuum furnace and, once the selected temperature was stable, the sample radiance spectrum was measured by averaging on 30 consecutive recordings Alternately, normal radiance spectra were similarly acquired for blackbody at the same temperatures of the sample. Thus, spectral emittance in the range 2.5-20 μm was calculated from Eq. 1.
The obtained emittance values were evaluated by comparing them to the results of previous emittance measurements [29, 31] carried out with the MEDIASE apparatus at PROMES. The facility acquires directional emittance at different angles at high temperatures by means of a vacuum chamber irradiated by solar radiation, a radiometer equipped with a telescope and a pyroreflectometric system for the measurement of sample temperature ( Figure 2 ). MEDIASE data are spectrally integrated in different spectral bands using spectral filters in front of the detector. For the comparison to spectrally resolved data obtained with our new facility, we chosen the normal emittance acquired at 2.7, 5, 5.5 μm wavelength (filter FWHM: 100 nm) and the integrated emittance in the band 8-14 μm. Finally, as additional evaluation, following the approach consolidated in the literature [5, 22, 24, [27] [28] [29] [30] we estimated the sample hemispherical emittance from room-temperature hemispherical reflectance spectra as detailed in the next paragraph. The reflectance was acquired using a UVVis-NIR spectrophotometer (Lambda900 by Perkin Elmer) for the 0.3-2.5 µm spectral range and a Fourier-transform-IR spectrophotometer (Excalibur by BioRad) spectrophotometer for the range 1.6-17 µm, both equipped with accessories for hemispherical reflectance measurement. The comparison between emittance calculated from room temperature spectrum and the actual emittance obtained from direct or indirect measurement techniques can be useful to estimate the reliability of considering room-temperature data. In fact, the high temperature spectrum (either the reflectance and the radiance spectrum) is not always available, while room-temperature data are much more accessible and thus an estimation of the error done calculating the emittance from them could be helpful.
Indirect evaluation of emittance
For calculating emittance from reflectance, it is useful to recall some definitions: the reflectance is a bidirectional quantity, i.e. both the directions of the incident and reflected rays have to be considered. Thus the reflectance ρ is characterized by two apices (i, j) indicating, respectively, the incident and observation direction. For a given incident ray direction i, identified by the solid angle Ω, the totality of the reflected radiation is identified by the hemispherical reflectance ρ i,∩ i.e. the radiation reflected in the whole halfspace in front of the surface. On the contrary, absorbance α and transmittance τ are only connected to the direction of the incident light. Thus α and τ are unidirectional quantities and are identified by the single apex i (solid angle Ω).
For radiation hitting the surface from the direction i, the energy conservation is given by:
, ( , , ) ( , , ) ( , , ) 1
For opaque materials τ i =0, thus the absorbance can be expressed as a function of reflectance:
and for the Kirchhoff's law, the directional spectral absorbance is equal to the directional spectral emittance:
(4)
Thus the directional emittance can be obtained from directionalhemispherical reflectance. In particular, if we consider the direction normal to the surface it is possible to calculate the normal emittance from the hemispherical reflectance spectra acquired for normal incident light. It should be noticed that, being exact normal incidence not experimentally feasible in most real systems, a good approximation is the so-called quasinormal incidence with incidence angles lower than 10°:
Results and discussion
Normal versus hemispherical emittance
Overall energy losses due to re-radiation by the material kept at temperature T are connected to the hemispherical emittance. In fact, the sample surface radiates in the whole half-space, usually non-isotropically, except for perfect For answering to this question we reviewed different sets of measurements taken at the MEDIASE facility during past measurement campaigns on boride and carbide ceramic samples.
MEDIASE actually acquires the directional emittance at different angles and calculates the hemispherical emittance by integration of the angular values, as explained above. Thus we compared the normal and hemispherical emittance values. For the band 2.7 µm, the mean difference between hemispherical and normal emittance values is about 6%, with 3% standard deviation (the standard uncertainty of the measurement is 1%). For the band 0.6-40 µm, the mean difference is about 3%, with standard deviation of 2.5% (2.5% is also the standard uncertainty of the measurement). Therefore, considering, in a very conservative way and for both bands, the farthest values (10%) we can affirm that in the worst case normal emittance values are representative of hemispherical values within 10% uncertainty.
Emittance data at fixed spectral bands
HfC emittance data for 2.7 μm, 5 μm, 5.5 μm , 8-14 μm wavelength are shown in Figure 3 . Data collected with the INO setup are plotted together with the data collected with PROMES furnace. Although the temperature ranges of the data acquired with the two facilities did not intersect because of the design characteristics of the two systems (MEDIASE minimum temperature is 1100K, while the maximum temperature obtainable on the sample by the INO setup is about 1100K), the two data set evidence comparable emittance values, without significant value jumps at the temperature of 1100K which discriminates the two ranges. A similar behavior is shown by the emittance data of TaB80 and TaB90, measured in the 2.7 μm and 8-14 μm bands (Figures 4-5) .
The uncertainty on the emittance value mainly depends on the uncertainty of sample temperature read by the three thermocouples (±50K) and can be estimated to be ±20% at 2.7 μm and ±10% in the remaining bands. 
Spectral high-temperature data
The comparison between the results of direct high-temperature emittance measurements (Eq. 1) and the approximated emittance calculated from room-temperature reflectance (Eq. 5) is shown in Figures 6 and 7 for TaB 2 and HfC samples, respectively. Direct values have been acquired at the maximum reached temperature of (1080±50) K. Peaks that are observed at around 4 μm and 5-7 μm are due to absorption by the air molecules within the optical path and can appear as positive or negative peaks according to the difference in the concentration of absorbing species between the time of background acquisition and the time of measurement. An upgrade of the setup is foreseen in the future for the direct measurement, allowing the beam to pass through an enclosed environment under nitrogen flux.
For both classes of materials, the spectral trend of experimental and calculated room temperature curves is in good agreement. As expected, the room temperature calculation underestimates the emittance value by about a 0.2 value, maintaining the same spectral trend. The underestimation of emittance agrees with the literature [32] [33] [34] and it is due to the fact that, for metal-like materials as in our case, the room-temperature reflectance in this spectral range usually overestimates the high temperature value. For TaB 2 , both approaches correctly evidence the emittance increase with increasing porosity.
From the obtained data, we can thus draw some conclusions about the reliability of the room-temperature approach. We can say that, when the purpose is to carry out a first screening among materials, the calculation of emittance from room-temperature reflectance data gives a good method of comparison, especially if we consider some parameter variation within the same material (i.e. density, porosity, roughness, etc.). However, the emittance calculated in this case is an underestimation, useful in comparative evaluations of different samples when high temperature data 
Conclusions
This paper shows the design and preliminary tests performed on a new experimental setup, conceived for directly measuring the spectrally-resolved normal emittance of solid samples at temperatures ideally up to 1200 K. The apparatus consists of a Fourier-transform infrared spectrometer interfaced to a high-vacuum furnace with electric heater and to a calibrated blackbody. The emittance is directly evaluated as the ratio between the measured radiances of sample and blackbody. The samples under study are discs of dense HfC and TaB 2 with different density levels. The obtained experimental emittance at 2.7 µm, 5 µm, 5.5 µm and in the 8-14 µm band has been compared with the results of previous measurements on the same samples carried out in a different facility, obtaining a similar trend and good agreement. Moreover, the spectrally-resolved emittance measured at 1080 K has been also compared to the common approach of calculating emittance from room-temperature reflectance, confirming that the latter approach underestimates the emittance value, while generally qualitatively maintaining the spectral trend of emittance curves.
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